The Flp site-specific recombinase assembles its active site by recruiting the catalytic tyrosine (Tyr-343) from one Flp monomer into the pro-active site containing a triad of Arg-191, His-305, and Arg-308 from a second monomer. In principle, two active sites may be assembled from a Flp dimer by simultaneous, reciprocal contribution of the shared amino acids by its constituent monomers. In practice, only one of the two active sites is assembled at a time, as would be consistent with a recombination mechanism involving two steps of single-strand exchanges. By using substrates containing strand-specific base bulges, we demonstrate that the relative disposition of their DNA arms can account for this active site exclusion. We also show that the exclusion mechanism operates only at the level of positioning Tyr-343 with respect to the pro-active site, and not at the level of orienting the labile phosphodiester bond within the DNA chain. It is not negative cooperativity of substrate binding but, rather, the substrate-induced negative cooperativity in protein orientation that accomplishes half-of-the-sites activity in the Flp system.
Achieving spatial and temporal coordination of chemical bond breakage and formation is a challenge faced by multisubunit enzyme systems that accomplish one round of the final reaction through more than one chemical step. Phosphoryl transfer reactions in nucleic acids, RNA splicing, DNA transposition, and DNA recombination present this case. The crux of the problem is exemplified by conservative, site-specific recombination between two DNA partners, in which four chemically identical phosphodiester bonds are broken and joined by four subunits of the recombinase enzyme. The only biologically meaningful outcome is determined by a unique configuration of the breakage-joining events.
Two pathways of conservative site-specific recombination have been shown (Stark et al. 1992; Jayaram 1994; Sadowski 1995) . Recombinases that belong to the invertase/resolvase family make double-strand breaks in partner substrates and exchange strands in a concerted onestep reaction. Recombinases of the integrase (Int) family make single-strand cuts and complete recombination in two steps of single-strand exchanges. A Holliday junction is therefore an obligatory intermediate during Int family recombination. In both types of recombination, strand cleavage and strand joining are transesterification reactions, the former being executed by a recombinasederived nucleophile (an active site serine or tyrosine) and the latter by a DNA-derived nucleophile (a 5Ј or 3Ј hydroxyl group exposed by strand breakage). The conservation of the phosphodiester bond during strand cutting, by linkage of the broken DNA end to the recombinase, eliminates the requirement for an exogenous energy source for the progression of the reaction. The reaction proceeds without addition or removal of nucleotides, and yields products that are, except for their recombined configuration, chemically and energetically equivalent to the substrates.
The Flp site-specific recombinase from Saccharomyces cerevisiae follows the Int family mechanism (Fig.  1A) . A monomer of Flp (the native state of the protein in solution) can bind to its recognition sequence within the recombination target site, but is a catalytically inert entity. The assembly of a functional active site requires amino acid contributions from two Flp monomers occupying the oppositely oriented binding elements that flank the strand exchange region (or spacer) (Chen et al. 1992b ; Lee and Jayaram 1993; Pan et al. 1993; Lee et al. 1994) . One of the monomers donates the pro-active site containing the catalytic triad of , whereas the second monomer donates the active site nucleophile (Tyr-343), toward one-strand cleavage reaction. The RHR triad donor, even one that lacks Tyr-343, can facilitate the strand-joining reaction by using the 5Ј-hydroxyl group from the Flpcleaved partner DNA to attack the 3Ј-phosphotyrosine bond formed at the cleavage site. The RHR triad and Tyr-343 of Flp correspond to the four invariant signature residues of the Int family (Argos et al. 1986; Abremski and Hoess 1992) .
Consistent with the two-step exchange mechanism, a dimer of Flp assembled on a DNA substrate is functionally asymmetric and yields DNA cleavage almost exclusively at either one (but not both) of the scissile phosphodiester bonds that define the limits of the spacer on the two DNA strands (Qian et al. 1990 ; cumulative results from our laboratory and the Cox and Sadowski laboratories). Therefore, of the two possible cleavage pockets that can be derived from a pair of Flp monomers, one is excluded at any particular time. In this paper we demonstrate that the constraints imposed by the structure of the spacer on the relative stacking of the Flpbound DNA arms can provide the mechanism for this active site exclusion. When the spacer constraint is relaxed, active site exclusion can be overcome. Therefore, the DNA substrate is the sole agent for ''half-of-the sites'' activity of Flp.
Results
The three possible modes of association between two Flp monomers that generate one or two strand cleavage pockets are shown schematically in Figure 1B . Dimerization of Flp occurs only after the protein has bound to DNA. Available experimental evidence is consistent with an asymmetric dimer in which the two active sites are exclusive (I and II, Fig. 1B) , and disfavors the symmetric dimer in which they are inclusive (III, Fig. 1B ). The relative orientation of the Flp-binding elements and the 8-bp spacing between them in a minimal ''full-site'' substrate (containing two binding arms; see, e.g., Serre et al. 1992 ) places two DNA-bound Flp monomers on nearly opposite faces of the B-form double helix and roughly 30 Å apart (Panigrahi and Sadowski 1994; Kimball et al. 1995) . The spacer DNA is free of extensive protein occupancy, as inferred from a number of footprinting experiments. Therefore, to establish an interface between the monomers for assembling the shared active site, the spacer DNA must be distorted in some way. The Flp dimer introduces a large ''bend'' within the spacer (>140°, called the type II bend), as measured by gel mobility against bent-DNA standards (Schwartz and Sadowski 1990; Chen et al. 1992a; Luetke and Sadowski 1995) . If DNA bending is the substrate's way of accommodating catalytically relevant Flp-Flp interactions (as was first postulated by Chen et al. 1992a) , the geometry of the bend could, in principle, restrict active site assembly by the Flp dimer. For example, the center of the bend and its relative direction might impose a choice of one of two functionally equivalent dimer interfaces. The assembly of one active site would then be possible only at the expense of the second, therefore providing the basis for a reaction mechanism that uses single-strand exchanges. We have tested this idea with the help of syn- The two-step, pairwise strand-exchange mechanism for the Flp recombination reaction (and, in general, for the Int family reaction) is shown schematically. The Flp-binding elements on each substrate are depicted by the parallel arrows arranged in a head-to-head configuration. Strand breakage and exchange at one end of the spacer (e.g., the left end) by a pair of active sites generates the Holliday junction. During this step, active site assembly at the right end is proscribed. Isomerization of the junction permits the assembly of active sites at the right to resolve it into recombinant products. During this step, active site organization at the left end is forbidden. (B) In the context of the shared active site of Flp, the first step of the reaction corresponds to the asymmetric Flp dimer configuration shown in I. Here, the RHR triad is provided by the Flp monomer at the left, and the active site tyrosine by the monomer at the right. In this assembly state, the reciprocal mode of sharing (shown in II; RHR triad from the right monomer and Tyr-343 from the left monomer) is prohibited. The assembly of II required for the second step (resolution) disrupts the initial sharing mode. The symmetric dimer shown in III, which simultaneously accommodates I and II, is contradicted by experimental evidence. Double-stranded cleavage is not observed in a DNA substrate occupied by a Flp dimer. thetic substrates in which the stacking of the Flp-binding arms is constrained in a directed fashion.
Strand cleavage in synthetic full sites containing strand-specific base bulges
Bulges in DNA created by the presence of one or more nucleotides in one strand, unopposed by nucleotides in the second strand, introduce kinking or bending of the helix at the site of the bulge (Rosen et al. 1992; Gohlke et al. 1994) . The bending forces the DNA arms flanking the bulge to tilt away from it. In addition, the relative twist between the two base pairs separated by the bulge is likely to be significantly greater than that for two neighboring base pairs in normal, unbulged DNA. Fluorescence resonance energy transfer (FRET) and solution nuclear magnetic resonance (NMR) studies indicate that the magnitude of the bulge-induced bend is ∼50-70°for a three-base bulge (A 3 or ATA) and 85-105°for a five-base bulge (A 5 ). The bulged substrates that we used in our assays contain either A 3 or A 5 bulges.
Strand cleavages mediated by wild-type Flp and two Flp variants, Flp(H305L) and Flp(Y60S), in substrates containing A 3 and A 5 bulges, respectively, within the spacer on the top or the bottom strand are shown in Figure 2 . Flp(H305L) is a Flp variant that can mediate cleavage in a full site, but is severely impaired in the joining of cleaved ends (Parsons et al. 1988; Lee and Jayaram 1993; Pan et al. 1993) . Flp(Y60S) is a mutant that is incompetent in DNA bending and extremely inefficient in cleaving a normal full site (Chen et al. 1991) . When the substrate was unbulged (containing the normal 8-bp spacer; Fig. 2, lanes 1-4) , cleavage by Flp occurred at either the top strand (CL; left side cleavage) or the bottom strand (CR; right side cleavage) (Fig. 2, lane  2) . There was no strong bias toward one or the other type of cleavage. Consistent with earlier results, the levels of cleavage were elevated with Flp(H305L) (Fig. 2, lane 3) , and only a trace amount of strand cutting was observed with Flp(Y60S) (Fig. 2, lane 4) . As noted repeatedly in previous experiments, fractionation of the reactions in native gels did not indicate the presence of the doubly cleaved product with any of the three proteins (data not shown). When the substrate contained an A 3 bulge on the top strand (Fig. 2, lanes 5-8) , two striking results were observed. First, Flp(Y60S) showed easily detectable levels of the cleavage product (Fig. 2, lane 8) . Second, the cleavage was no longer unbiased, as Flp, Flp(H305L), and Flp(Y60S) yielded predominantly top-strand cleavage (CL) (Fig. 2, lanes 6-8) . When the A 3 bulge was located on the bottom strand of the substrate (Fig. 2 , lanes 9-12), the cleavage asymmetry was reversed, with the reaction being directed almost exclusively to the bottom strand (CR) (Fig. 2, lanes 10-12) . The strand cleavage bias and the bias directionality were reproducible when the A 3 bulges were replaced by A 5 bulges (Fig. 2, lanes 13-20) . When the bulges were balanced on both strands (Fig. 2 , lanes 21-24), approximate cleavage parity, as seen with -spacer bulges. The two Flp-binding elements of the substrates (represented by the pair of parallel arrows in head-to-head orientation) have the same DNA sequence as those present in the 2 µ plasmid, the native substrate for Flp. The bulges, when present within the spacer, are represented by the wedge shapes. The normal spacer has the sequence 5Ј-TTTCTAGA-3Ј and 3Ј-AAAGATCT-5Ј in the top and bottom strands, respectively. The bulges are placed between the fourth and fifth positions of the spacer, between C and T on the top strand and between A and G on the bottom strand. Therfore, the positioning of the top strand bulge with respect to the labile phosphate at the left is identical to the positioning of the bottom strand bulge with respect to the labile phosphate at the right. The short vertical arrows indicate the cleavage points on the top and bottom strands (at the left and right ends, respectively, of the spacer). The presence or absence of Flp or a Flp variant in a reaction is indicated by + or − above the corresponding lane. The asterisk (*) represents the 3Ј end-label on the two strands. The substrate strands are denoted by S. The cleavage products from the top and bottom strands are indicated by CL and CR, respectively. The multiplicity in the cleavage bands (seen here and in subsequent figures) can be accounted for partly by some heterogeneity in the labeled substrate, and partly by the tendency of Flp to introduce occasional aberrant cleavages in linear substrates. the unbulged spacer, was restored with wild-type Flp (Fig. 2, lane 22) . Flp(Y660S) was only weakly active on this substrate, as it was with the bulge-free substrate (Fig. 2 , cf. lane 24 with lane 4). In contrast to its action on the bulged substrates, Flp(Y60S) did not yield large cleavage disparity with the doubly bulged substrate. No cleavage was detectable with Flp(H305L) on the substrate with the balanced bulges (Fig. 2, lane 23) . This result was not unexpected, based on previous observations that Flp(H305L) was much less active relative to Flp on altered substrates such as half-sites, full-sites with mismatches adjacent to the cleavage positions, or full-sites containing mismatched insertions within the spacer (Serre et al. 1992; Whang et al. 1994; C. Harkey and M. Jayaram, unpubl.) .
The strand cleavage data permit the following conclusions. By predisposing the Flp-binding arms of the DNA substrate to stack in a particular way, one active site for cleavage (e.g., the ''top-strand cleavage pocket'') can be assembled from the bound Flp dimer, whereas the second one (the ''bottom-strand cleavage pocket'') is effectively excluded (CL >> CR; Fig. 2 , lanes 6-8 and 14-16). On reversing the directionality of the stacking, the directionality of the strand cleavage bias can also be reversed (CR >> CL; Fig. 2 , lanes 10-12 and 18-20). The inability of a bending-deficient Flp mutant to establish a catalytically productive dimer interface can be overcome by providing the mutant with substrates containing bulge-induced directed bends. It is important to note that the observed cleavage bias with the bulged substrates was the same for Flp as well as the joining-incompetent Flp(H305L). The failure to observe DNA cleavage at one of the scissile phosphates cannot therefore be attributable to a rapid reversal of the cleavage reaction.
Strand cleavage within a bulged substrate by a catalytically complementing pair of Flp step-arrest mutants
The strong strand bias in cleavage observed with the bulged substrates is compatible with the shared architecture of the Flp active site ( Fig. 3A,B ; Chen et al. 1993; Pan et al. 1993 ). The top-strand bulges may promote a DNA configuration that permits functional alignment between the catalytic tyrosine (Tyr-343) of the right Flp monomer and the RHR cluster of the left Flp monomer, but not the other way round (Fig. 3A) . Similarly, the bottom-strand bulges may foster a substrate configuration that only allows productive congregation of the triad cluster from the right monomer and Tyr-343 from the left monomer (Fig. 3B) .
If the substrate structure is responsible for restricting Flp active site assembly, fruitful catalytic complementation between a triad mutant of Flp and Flp(Y343F) will be possible if, and only if, each mutant occupies the correct binding arm on the bulged substrate. For the top-strand bulge, no cleavage is expected when the Flp(Y343F) is stationed at the right, and the triad mutant is stationed at the left. Only the reverse placement of the two protein partners should yield strand cleavage. For the bottomstrand bulge, the expectation would be the opposite.
The protein replacement strategy described by was used to direct catalytically complementing mutant Flp partners to specific arms of the DNA substrates containing top-or bottom-strand bulges (Fig. 3C ). The order of addition and the relative amounts of the mutant proteins [Flp(Y343F) first, followed by a relative excess of Flp(R191S, H305L)] would place the former on the normal Flp-binding arm and the latter on the weak Flp-binding arm (marked with an X in Fig. 3 ) of a substrate. For each reaction set (Fig. 3, I-IV) , the rightmost lane represents the targeted reaction and should be compared with the Flp reaction (second lane from the left) or the individual mutant reactions (third and fourth lanes from the left). The expected DNA associations for the mutant protein pair are diagrammed above each panel in Figure 3 . The cleavage outcomes from these reactions matched the predictions of the ''directional arm stacking'' model. Note that only background levels of cleavage were seen when Flp(Y343F) occupied the right binding site of the substrate with top-strand bulge (Fig. 3 , lane 5, panel I) or the left binding site of the substrate with bottom-strand bulge (Fig. 3, lane 20, panel IV) . When the relative placement of this mutant was reversed on the two substrates, catalytic complementation was obtained, yielding strongly biased cleavage on the top or the bottom strand (Fig. 3, These results reaffirm the notion that half-of-the sites activity in wild-type Flp results directly from the positioning of the shared catalytic residues, as determined by the spatial disposition of the Flp-bound DNA arms. In the mutant combination, with only one complement of the shared residues, assembly of the lone active site on a substrate with prepositioned DNA arms is specified by a unique Flp mutant-DNA association.
Active site exclusion: exclusion of the triad domain function or Tyr-343 function or both?
In principle, there are at least two obvious ways of effecting active site exclusion. One is by preventing the orientation of the scissile phosphate [by the triad domain of the Flp monomer situated adjacent to it; referred to as cis-activation by Lee and Jayaram (1993) ] for nucleophilic attack by Tyr-343. The other is by misdirecting Tyr-343 of the Flp monomer bound across the spacer from its normal line of attack. A combination of both strategies is also conceivable.
Once the phosphate at the recombination border has been oriented by a bound Flp monomer, it can be cleaved by an exogenous nucleophile, such as the peroxide anion derived from hydrogen peroxide or the phenolate moiety derived from tyrosine mimics (Kimball et al. 1993; Lee and Jayaram 1993) . The cleavage efficiency of a given nucleophile is limited by its nucleophilic strength, its accessibility to the reaction center, as well as its potential effects on protein structure. The reaction is absolutely dependent on phosphate activation as indicated by the inability of Flp variants altered at Arg-191 or Arg-308 to assist peroxide cleavage . We have taken advantage of the hydrogen peroxide reaction to ask whether, in a bulged substrate complexed with Flp, both phosphodiester bonds (on the top and the bottom strands) are susceptible to cleavage. The results are presented in Figure 4 .
In the unbulged substrate (Fig. 4A, lanes 1-4) , or in the one with balanced A 5 bulges (Fig. 4, lanes 5-8) , Flp(Y343F) could not mediate cleavage on its own (Fig. 4 , lanes 2,6), but could so when provided with hydrogen peroxide (Fig. 4, lanes 3,7) . There was rough parity in the top-and bottom-strand cleavages (CL and CR, respectively). Slight preferences for one cleavage over the other, often depending on the sequence context of the spacer, have been observed for the normal Flp-mediated cleavage reactions as well. Note that the hydrogen peroxide-induced cleavage was significantly less efficient relative to the Flp reaction (Fig. 4 , cf. lanes 4 and 8 with lanes 3 and 7, respectively). Cleavage results from the substrate containing the A 5 bulge in the bottom strand are shown in Figure 4C (lanes 9-13). As expected from previous results (Fig. 2) , nearly all of the cleavage yielded by Flp alone occurred on the bottom strand (CR; Fig. 4, lane 12) . In contrast, reaction with Flp(Y343F) plus hydrogen peroxide resulted in top and bottom cleavages with strong bias The labile phosphate on the right is not targeted for breakage in this configuration (᭹). When the arms are tilted as shown in B, with the L arm jutting above the plain of the paper, the shared active site can be assembled only at the labile phosphate on the right. The DNA arms are so positioned as to approximate the experimentally measured bend angle of >140° (Schwartz and Sadowski 1990; Chen et al. 1992a ). However, the overall geometry of the bend depicted here is purely imaginary. Nucleotide bulges placed on one or the other strand at equivalent positions with respect to the scissile phosphodiester bonds can, in principle, force the Flp-occupied DNA arms to take up the configuration in A or that in B. The restricted arm dispositions would be consistent with the inference from NMR and FRET analyses (Rosen et al. 1992; Gholke et al. 1994 ) that the DNA arms flanking the bulge are tilted away from it. The active site configurations in A and B can account for the cleavage results obtained with substrates containing the top-and bottom-strand bulges, respectively (see Fig. 2 ). (C) The substrates containing spacer bulges in the top strand (I and II) or in the bottom strand (III and IV) were labeled at the 3Ј ends (asterisks). An Flp-binding arm marked with an X carried a point mutation (from C-G to T-A at position 7) that causes relatively rapid recycling of a Flp monomer bound to it (Lee et al. , 1996 . Reactions (lanes 1, 6, 11, 16 ) are controls to which neither Flp nor a Flp variant was added. The protein present in reactions (represented by lanes 2-4,7-9,12-14, and 17-19 is indicated by the + sign above them. Directed protein placement in the reactions (depicted in lanes 5, 10, 15, 20) was accomplished by the procedure described by Lee et al. (1994) . First, both substrate arms were filled with Flp(Y343F); the monomer bound to the X arm was then replaced by Flp(R191S, H305L). The resulting arrangements of the Flp mutant pair are indicated above panels I-IV. The cleavage products from the top and bottom strands are designated as CL and CR, respectively. (S) The labeled bands from the substrate.
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Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from toward top-strand cleavage (CL > CR; Fig. 4C, lane 11) . When hydrogen peroxide was included in the reaction with Flp, in addition to the expected bottom-strand cleavage, peroxide-mediated top-strand cleavage became apparent (Fig. 4, cf. lanes 13 and 12) . When the experimental strategy underlying Figure 4C was applied to a substrate with an A 5 bulge on the top strand, the results were fully corroborative (Fig. 4D) . In this case, the peroxide cleavage assisted by Flp(Y343F) was biased toward the bottom strand (CR > CL; Fig. 4, lane 16) . Cleavage by Flp alone occurred predominantly on the top strand (CL >> CR; Fig. 4, lane 17) . In the Flp plus hydrogen peroxide reaction, the peroxide-mediated cleavage on the bottom strand was manifest over the background of Flpmediated cleavage (Fig. 4 , cf. CR in lanes 17 and 18). Note that in Figure 4 , CR in lane 18 increased over that in lane 17 despite a decrease in the extent of Flp cleavage (cf. CL in lanes 17 and 18).
The ability of an exogenously supplied small nucleophile to mediate cleavage at the phosphodiester bonds in the bulged substrates that are refractory to cleavage by Tyr-343 shows that they are not excluded from their reactive orientation. Rather, it is the Tyr-343 of the Flp bound to one of the two substrate arms that is excluded from occupying its reactive position by the bulge. The weaker hydrogen peroxide reaction on the bottom strand and top strand, respectively, in the Flp(Y343F) reactions in lanes 11 and 16 in Figure 4 (CR < CL in Fig. 4C , lane 11; CL < CR in Fig. 4D, lane 16) , in the face of copious Tyr-343 reaction on these strands (CR >> CL in Fig. 4C , lane 12; and CL >> CR in Fig. 4D, lane 17) , is illuminating. We believe that, in the case of wild-type Flp, the special substrate configuration keeps the bottom-strand active site (in the case of the bottom bulge) or the topstrand active site (in the case of the top bulge) locked in its cleavage mode irreversibly, or nearly irreversibly. Flp(Y343F) would give rise to one of two frozen, but nonfunctional active sites on these substrates. Blockage of the RHR triad cleft by either Tyr-343 or Phe-343 may at least partially barricade the approach of hydrogen peroxide to the labile phosphates.
Effects of altering the RHR triad to Tyr-343 spacing on strand cleavage by Flp
The normal 8-bp spacing between the phosphodiester bonds that partake in cleavage/exchange, as well as the 34-amino-acid spacing between Tyr-343 and Arg-308 of the RHR triad in Flp, is critical to the recombination reaction. When the phosphodiester spacing is increased or decreased by 2 bp or more, there is essentially a complete loss of recombination activity (Broach et al. 1982; Senecoff and Cox 1986) . Similarly, when short peptide insertions are placed between Arg-308 and Tyr-343, the resultant Flp variants fail to carry out strand cleavage (Evans et al. 1990 ). Both results can be accounted for by the misalignment between the RHR triad from one Flp monomer and Tyr-343 from its partner, as a result of perturbing either the enzyme structure or the substrate geometry. Is it possible then to compensate for a mislocated Tyr-343 and restore catalytic alignment by increasing the spacer flexibility of the substrate?
The ability of Flp variants harboring insertions of 3, 4, 10, and 15 amino acids between Arg-308 and Tyr-343 to mediate strand cleavage on substrates containing the normal spacer or ''flexible'' spacers is shown in Figure 5 . The three-and four-residue insertion variants of Flp have been described previously (Evans et al. 1990; Chen et al. 1992b ). The other two were constructed for this study and contained flexible peptide tethers that have been used previously to link two polypeptide domains (Huston et al. 1988 ). In the two types of flexible substrates used here, the native spacer length of 8 bp was maintained. Spacer flexibility was introduced either by placing two base mismatches at either end of the spacer (Fig.  5B, lanes 6-10) or by placing a nick on the top strand three bases away from the labile phosphate (Fig. 5C,  lanes 11-15) . Although the normal substrate was not cleaved by the insertion variants (Fig. 5A, lanes 2-5) , the flexible substrates were all cleaved by these proteins (Fig.  5B, lanes 7-10; C, lanes 12-15) . Furthermore, Tyr-343 was used as the nucleophile in these cleavages. No cleavage was obtained when the insertion variants contained a phenylalanine substitution at position 343 (B.R. Evans, T. Tonozuka, and M. Jayaram, unpubl.) . All three substrates were cleaved by wild-type Flp (data not shown).
The misalignment and consequent inactivity of an improperly positioned protein nucleophile on a fully basepaired spacer, and the restoration of its alignment and activity on a nicked or a partially unpaired spacer, brings into focus the impact of DNA structure on molding the shared active site configuration of Flp.
Elimination of normal base pairing within the spacer DNA abolishes active site exclusion
Can we overcome the barrier to the simultaneous assembly of two active sites within a Flp dimer by completely removing the structural constraints caused by complementary base pairing of the spacer DNA? To test this idea, we reacted Flp with a substrate containing a fully unpaired spacer (an 8-nucleotide bubble) (Fig. 6A) . Under these conditions, we not only observed the Flp cleavage product CR, but also the hairpin product H resulting from the reductional recombination of a full-site (Fig.  6A, lane 4; see also B) . Hairpin formation has not been observed with substrates containing the normal spacer (e.g., Fig. 6A, lane 2) . This reaction requires a doublecleavage event within a single-substrate molecule-to generate the phosphotyrosine bond at one spacer end and to expose a 5Ј-hydroxyl group at the other spacer end (Fig. 6B) . We do not know whether the two cleavage events are coincident or temporally separated. However, the formation of the hairpin demonstrates that release of Tyr-343 from covalent bondage to a cleaved DNA strand (effectively the disassembly of one active site) is not a prerequisite for cleavage of the other DNA strand (the assembly of the second active site).
Although the data shown in Figure 6A is from a denaturing gel, the authenticity of the hairpin was established by electrophoresis in native gel as well (data not shown). The native gel analysis excluded the possibility that the product H could have arisen by an intermolecular event, by the cleaved strand from one DNA molecule attacking the phosphotyrosine bond formed in a second molecule. Furthermore, a reaction containing mixture of Flp(Y343F) and Flp(R191S, H305L) yielded the cleavage product CR, but produced no hairpin (data not shown). Because the mutant Flp pair has the catalytic complements to assemble only one active site from a dimer (one good RHR triad domain and one Tyr-343), double cleavages within a single molecule of the bubbled substrate would have been impossible.
The reductional recombinase activity of Flp, manifested only on the fully unpaired spacer, implies that there is little or no contribution by the DNA-bound Flp dimer, per se, to active site exclusion. This phenomenon is mediated entirely by the structural geometry and base complementarity of the spacer DNA.
Discussion
The double-helical configuration of DNA, together with the topography of the reaction complex containing two substrate and four recombinase molecules, poses a serious challenge to the precision and coordination of strand breakage and joining during conservative site-specific recombination. The experiments reported here reveal how DNA-induced relative positioning of the protein monomers can be used to achieve spatial selectivity and temporal separation of the relevant phosphoryl transfer steps. We discuss below features of the specific solution devised by Flp and explore its general implications in the Int family recombination mechanism. The fully matched spacer (5Ј-TTTCTAGA-3Ј/3Ј-AAAGATCT-5Ј) within the normal substrate (A) was deemed nonflexible. The spacer containing two mismatches at the ends (5Ј-TT-3Ј/3Ј-TT-5Ј at the left and 5Ј-CT-3Ј/3Ј-CT-5Ј at the right) (B) or that containing a nick on the top strand following 5Ј-TTT-3Ј (C) were deemed flexible. The substrates in A and B were 3Ј end-labeled on the bottom strands; those in C were 3Ј end-labeled at the top strand nick within the spacer. The lanes marked C refer to reaction mixtures containing the labeled substrate to which no Flp variant was added. The length of the peptide insertions in each of the Flp variants used in the cleavage assays is indicated above the appropriate lanes. The bands marked S, CR, and CL stand for the substrate, and the cleavage products from the bottom and top strands, respectively.
The role of DNA in assembling the shared active site of Flp
The Flp solution has two parts to it. First, the functional components of one Flp active site are situated in two separate Flp monomers (Chen et al. 1992b) . Within an oligomer of Flp, then, spatial selection of active sites becomes possible by specifying the monomer pairs that establish a productive dimer interface (Lee et al. 1996) . Temporal separation of active sites becomes possible if the disassembly of one dimer interface can be associated with the assembly of an equivalent, second functional interface.
In accommodating the catalytic contributions by two Flp monomers bound on either side of the spacer (in opposite orientation and on approximately opposite faces of the helix) towards active site assembly, some structural contortion of the DNA substrate within the spacer can be expected. The anomolously slow electrophoretic mobility of Flp-DNA complexes in polyacrylamide suggested that a Flp dimer introduces a strong bend of >140°w ithin the spacer (Schwartz and Sadowski 1990; Chen et al. 1992a ). We do not know whether this inferred shortening of the end-to-end distance in DNA is attributable to a unique bend or a composite of more than one bend, or whether the bent DNA axis is planar or writhed. Nevertheless, the Flp-induced DNA bend is directly relevant to catalysis, as point mutants that fail to induce this bend are inactive in recombination (Schwartz and Sadowski 1989; Chen et al. 1991; Kulpa et al. 1993) . In a simple scenario of the natural situation, one may imagine that a Flp dimer can yield only one of two active sites at a time because it can establish only one of two equivalent asymmetric bends at a time. Our results suggest strongly that predisposition of the DNA arms in a bulged substrate imposes active site selectivity by trapping one configuration of the bent Flp-DNA complex, and excluding the other. Whereas the bulge-induced DNA bend may not be identical to that induced by Flp during normal recombination, the bulge functions as a ''geometric filter'' that imposes the bend choice on Flp. Luetke and Sadowski (1995) noticed that, in cleaved Flp-DNA complexes, the center and direction of DNA bends were distinct for top-and bottom-strand cleavages. Although their DNA substrates and ours cannot be compared directly (because of the difference in the number of Flpbinding elements harbored by them), the experimental outcomes in both cases fit into a common interpretation-the assembly or nonassembly of a Flp active site is determined by the relative disposition of two Flp-bound DNA arms. This interpretation also agrees with the observation that a three-armed DNA junction (a Y structure) or a Holliday junction with only three good Flpbinding arms can be resolved by Flp into a normal recombinant plus a hairpin molecule or into two normal recombinants, respectively (Qian and Cox 1995; Lee et al. 1996) . The resolution of a three-or four-armed junction requires the cooperative action of two active sites (for breakage and exchange at two labile phosphates). Therefore, the conformational freedom of the DNA arms can give rise to Flp-Flp interactions that yield two active sites from either three or four Flp monomers.
Switching of the recombination complex from the Holliday-forming mode to the Holliday-resolving mode
Our results demonstrate that alternative alignments of the DNA arms, as diagrammed in Figure 7A -D, can ac- 1,2) or the abnormal substrate with a fully mismatched spacer (8-nucleotide bubble; lanes 3,4) . The nucleotide sequence of the spacer bubble was 5Ј-TTTTAAAA-3Ј/3Ј-TTT-TAAAA-5Ј. The substrates were labeled on the bottom strand at the 3Ј end (asterisks). The substrate band is indicated by S and the cleavage product by CR. H is the hairpin product resulting from reductional recombination. (B) The reaction pathway that leads to the formation of H is diagrammed. An essential feature of the reductional recombination is a double-stranded cleavage event within a substrate.
count for the Holliday-forming and Holliday-resolving steps of Flp recombination. The chemical steps A and C and the isomerization step B ↔ C are likely coupled to the exchange of the spacer DNA between the recombination partners (see Fig. 7 ). Whereas all four scissile phosphates are oriented by the bound Flp monomers in the recombination complex, only two undergo breakage at one time, because only two tyrosine nucleophiles are positioned in their correct line of attack. This impediment posed by the normal DNA structure dictates that misalignment of the initially reactive tyrosines must precede the alignment of the other two in their reactive orientation. The functional correspondence between Tyr-343 of a Flp monomer and its target phosphate (or the RHR triad of its partner monomer), which is a critical feature of the shared active site, can be destroyed by perturbations in the DNA or in the protein structure. However, provided the DNA is sufficiently flexible, altered protein structures can be tolerated. And, in the extreme case, when the DNA resistance is nearly absent, double-stranded DNA cleavage within a substrate becomes possible, as dismantling of the first active site is no longer a prerequisite for the assembly of the second one (absence of active site exclusion).
It must be noted that our experiments only address the chemical competence and orientation of a Flp dimer on a single DNA molecule and not of a Flp tetramer on two paired-DNA molecules. Do the DNA-protein interactions within the synaptic structure constrain cleavages to be paired at one or the other end of the spacer? All such paired cleavages can, in principle, be channeled into the recombination pathway. It is conceivable that protein-protein interactions between Flp monomers bound on substrate partners can mediate end-specificity, as well as synchrony, of assembly and disassembly of active site pairs. Alternatively, is strand cleavage on one DNA molecule independent of strand cleavage on the synapsed partner? In this case, only a fraction of the cleavages will be recombination-proficient. Provided the breakage-joining reaction is in rapid dynamic equilibrium, appreciable rates of recombination can be achieved even in the midst of a significant proportion of futile events. Because we are largely unaware of the DNAprotein configuration of the synaptic structure, we cannot presently tackle these finer aspects of the recombination mechanism.
Active site exclusion within the Int family
Because all of the well characterized Int family recombinases ( Int, Flp, Cre, and XerC/XerD) mediate recombination via a Holliday-junction intermediate, it is reasonable to surmise that active site exclusion must be a general phenomenon within this family. The shared active site and the trans mode of DNA cleavage are central elements in the mechanism of active site exclusion by Flp. In other members of this family, however, except for Flp-like yeast recombinases, the Cre protein and the Int protein in one particular instance (Han et al. 1993; Yang and Jayaram 1994; Shaikh and Sadowski 1997) , there is no direct evidence for a shared active site. In fact, evidence strongly favors cis DNA cleavage by XerC/ XerD and by Int under most experimental situations (Nunes-Duby et al. 1994; Arciszweska and Sherratt 1995) . The recently solved crystal structure of Cre complexed with DNA has posed a paradox by revealing cis cleavage (Guo et al. 1997) , therefore directly contradicting the results from solution assays (Shaikh and Sad- Figure 7 . Selective active site exclusion at either spacer end within the recombination complex accounts for the two-step strand-exchange mechanism by Flp. The model outlines the contribution of active site exclusion to the mechanism of Flp recombination. The cylindrical representation of the DNA arms of the Holliday junctions is analogous to that used by Pohler et al. (1996) . (A) The stacking of the substrate arms as shown here permits active site assembly at the scissile phosphates indicated by the filled circles (adjacent to arms R1 and R2, the right arms). In this arrangement, the Flp monomers bound to R1 and R2 are the donors of the RHR triad, and those bound to L1 and L2 (the left arms) are the donors of Tyr-343. Note that the relative placement of the DNA arms of the two substrates roughly mimics an antiparallel configuration (L1 is disposed away from L2 and R1 is positioned away from R2). No active sites can be assembled at the phosphates shown by the open circles (adjacent to L1 and L2). owski 1997). cis-cleavage, per se, does not rule out a shared active site; it only means that the catalytic tyrosine is not among the shared residues. Even if an active site were contained entirely within one recombinase monomer, the functionality of this active site could be dependent on allosteric interactions between monomers bound across the strand-exchange region. Experiments with the Int system strongly imply that such ''crosscore'' interactions are critical to the efficiency of resolution of Holliday junctions by Int (Kho and Landy 1994) . Therefore, the operation of geometric filters, constituted by recombinase-DNA and recombinase-recombinase interactions, during active site assembly is likely to be a common feature within the Int family.
Materials and methods
Flp and Flp variants
The step-arrest mutants of Flp, Flp(Y343F), and Flp(R191S, H305L) have been described previously (Chen et al. 1992b; Lee et al. 1994) . Construction of Flp variants containing 3-or 4-amino-acid insertions between the RHR triad and Tyr-343 has been detailed by Evans et al. (1990) . The 10-and 15-amino-acid insertions were obtained by placing synthetic oligonucleotides into the BalI site that straddles the codons for Val-338, Ala-339, and Arg-340 within the FLP gene, thereby altering the spacing between Val-338 and Ala-339. The sequences of the peptide inserts were Gly 4 -Ser-Gly 4 -Ser and Gly 4 -Ser-Gly 4 -Ser-Gly 4 -Ser. Wild-type Flp and Flp variants used in the assays described here were purified to 90%-95% homogeneity by an affinitypurification protocol (Parsons et al. 1988 ).
Synthetic recombination sites
Oligodeoxynucleotides for construction of full-site substrates were synthesized in an Applied Biosystems DNA synthesizer (model 380A) using phosphoramidite chemistry (Beaucage and Caruthers 1981) . Hybridization of appropriate oligonucleotides was carried out as described previously (Lee et al. 1996) . The relevant features of the various substrates used are described in the Results section, displayed in the figures, and explained in their legends. Nonspecific nucleotide segments of specific length that have no effect on Flp-mediated reactions were present on either side of the Flp recombination target site. The lengths of the strands were so chosen as to distinguish the products resulting from alternative strand-cleavage events. In substrates, where directed protein replacement was required, the appropriate Flp-binding elements were weakened by altering a critical Flp contact position within each of them from a C-G to an T-A pair . The complete sequences of the substrates are available on request.
The 3Ј end of an oligodeoxynucleotide was labeled with 3Ј-[␣-
32 P] cordycepin 5Ј-triphosphate using the terminal transferase reaction. The unreacted cordycepin phosphate was removed by spin dialysis on a G-25 column. Hybridization to the partner oligodeoxynucleotide was done in TE buffer.
Strand-cleavage/strand-transfer assays
The strand-cleavage reactions were done under standard recombination conditions (Chen et al. 1992b) . Normally, 0.05 pmole of the 3Ј end-labeled substrate was reacted with ∼0.5 pmole Flp or Flp variant (∼5 pmoles of Flp per pmole-binding element) in 30 µl of the reaction mixture. Incubations were done at 30°C for 10 min. Reactions were stopped by addition of SDS (0.1% final concentration) and treated with proteinase K (100 µg per sample for 1 hr at 37°C). Samples were processed further and analyzed by electrophoresis in denaturing polyacrylamide gels (Lee et al. 1996) .
Strand cleavage by hydrogen peroxide was done as outlined by Lee and Jayaram (1993) .
Directed protein replacement on synthetic Flp substrates
The protocol for targeting a Flp variant to a given Flp-binding arm of the substrate has been described by Lee et al. (1994) . First, all binding arms were saturated with Flp(Y343F) at a molar ratio of the protein to binding element of approximately 8:1. This incubation was done at 30°C for 10 min in recombination medium (Chen et al. 1992b ) containing 130 mM NaCl. An eightfold excess of the triad variant Flp(R191S, H305L) was added to the assay mixture at time zero. The higher relative concentration of protein would result in the selective transplacement of Flp(Y343F) by Flp(R191S, H305L) on the weak binding arms. Strand cleavage was assayed at 10 min from the addition of the second Flp variant. The final NaCl concentration in the reaction was 150 mM.
General methods
Restriction enzyme digestions, isolation of plasmid DNA, and other miscellaneous procedures were done as described by Sambrook et al. (1989) .
